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ABSTRACT The acidity of the water surface sensed by a colliding gas is deter-
mined in experiments in which the protonation of gaseous trimethylamine (TMA)
on aqueous microjets is monitored by online electrospray mass spectrometry as a
function of the pH of the bulk liquid (pHBLK). TMAH
þ signal intensities describe a
titration curve whose equivalence point at pHBLK 3.8 is dramatically smaller than
the acidity constant of trimethylammonium in bulk solution, pKA(TMAH
þ) = 9.8.
Notably, the degree of TMA protonation above pHBLK 4 is enhanced hundred-fold
by submillimolar LiCl or NaCl and weakly inhibited at larger concentrations.
Protonation enhancements are associated with the onset of significant direct
kinetic solvent hydrogen isotope effects. Since TMA(g) can be protonated by H2O
itself only upon extensive solvent participation, we infer that H3O
þ emerges at the
surface of neat water below pHBLK 4.
SECTION Atmospheric, Environmental and Green Chemistry
T he peculiar features of gas/liquid processes and theircritical roles in atmospheric chemistry remain incom-pletely understood.1,2 Interfacial events proceed in the
outermost layers of liquids as they thin into vapors, that is, in
media that are nonuniform at the molecular scale and lack
free-energy basins.3,4 Some gases, such as ozone and hydro-
xyl radicals,5 react with dissolved species in the interfacial
layers, whereas others do so after becoming incorporated
into the bulk liquid. These interfacial processes might be
better approached from the gas- rather than condensed-
phase properties of the participating species. The differen-
tial heats of chemisorption of gaseous alkylamines on
acidic zeolite surfaces, for example, correlate with the
gas-phase proton affinities rather than with amine pKA's
in solution.6
Since protons participate as reactants or catalysts in most
gas/water processes, it would be useful to establish an acidity
scale for the water surface. By analogy with pH in bulk water
(pHBLK) any such “pHS” scale must be defined in terms of
portable standard states and measurable properties asso-
ciated with interfacial proton equilibria. The steep density
gradient (∼108 g cm-4) at the water surface7,8 however
requires probing proton exchange equilibria on the nano-
meter scale. Since the residence timeofmass-accommodated
species in the outermost layers is spontaneously limited
to the nanosecond range by desorption or diffusion, only
the fastest chemical reactions may properly respond to inter-
facial acidity. Less reactive gases, after settling on the surface,
will diffuse into and sense the acidity of bulk water instead.
We believe that the conflicting interpretations of the state-
ment “water surface is acidic”9 reflect these issues and call for
an operational definition of “surface acidity”.
Consider the hydrolysis of trimethylamine, TMA, “on
water”. Gas-phase proton affinities: PA(TMA) = 227 kcal
mol-1 and PA(H2O) = 165 kcal mol
-1, and the acidity
constant of its conjugated acid in aqueous solution: pKA-
(TMAHþ)= 9.8, suggest that TMA is a stronger base than
H2O in both the gas and liquid phases. However, reaction 1
H3OþðgÞþ TMAðgÞ f TMAHþðgÞþH2OðgÞ ð1Þ
H2OðgÞþ TMAðgÞ f TMAHþðgÞþOH- ðgÞ ð2Þ
is exothermic, ΔH1 = PA(TMA) - PA(H2O) = -62 kcal
mol-1, whereas reaction 2 is not, ΔH2 = 164 kcal
mol-1.10,11 Reaction 2 actually becomes viable only after
its ion products are extensively hydrated.12,13 Thus, ther-
mochemistry alone suggests that the degree of TMA
protonation (>99% at pHBLK 7) in bulk neutral water
should sharply decrease at the air/water interface. “To
what extent is TMA protonated upon alighting on the
water surface” is therefore a valid question that can be
addressed experimentally.14 The dependence of the ex-
tent of TMA protonation on pHBLK in gas/water collisions
provides an operational measure of interfacial proton
availability that avoids the ambiguities associated with
pseudothermodynamic pHS scales based on surface-spe-
cific spectroscopic signatures or model calculations. Be-
low, we report novel experimental results on the
protonation of TMA on water surfaces.
In our experiments, gas/liquid interactions take place on
the surface of aqueous microjets injected (through an elec-
trically grounded nozzle) into the spraying chamber of an
electrospray ionization mass spectrometer (ESI-MS) flushed
with TMA(g)/N2(g) mixtures at 1 atm and 293 K (see Experi-
mental Methods, Figure S1, in Supporting Information,
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SI).15,16 The fast nebulizer gas shreds the interfacial layers of
themicrojet intomicrodroplets. The kinetic energy dissipated
in this process overcomes not only liquid cohesion but
electrostatic attraction among anions and cations. Hence,
microdroplets carry net charges even when generated from
an electrically neutral liquid in the absence of an external
electric field. Thus, in our experiments (1) ESI-MS TMAHþ
signal intensities report the TMAHþ excesses carried by posi-
tively charged microdroplets, (2) TMAHþ excesses are ex-
pected to be proportional to [TMAHþ] in the interfacial
layers of the microjet, and (3) the TMAHþ excesses carried
by the analyzedmicrodroplets are conserved duringwater or
TMA evaporation or in collisions with neutral TMA(g). We
verified that this setup actually behaves as a linear transfer
device, that is, ESI-MS signals are directly proportional to ion
concentrations (in the submillimolar range, Figure S2, SI) in
the interfacial layers of the microjet.17-19 For example, the
titration curves of aqueous n-hexanoic and n-octanoic acid
obtained from anion concentrations, [A-], determined in




1þ10pKA - pHBLK ð3Þ
with the pKA (n-hexanoic acid) = 4.81 ( 0.05 and pKA (n-
octanoic acid) = 4.81 ( 0.06 values reported in bulk
solution.20 This finding confirms that the degree of dis-
sociation of these weak acids determined from A- signal
intensities measured by ESI-MS of negatively charged
microdroplets reflects the pHBLK of the microjet rather than
the (presumably variable) acidity of evaporating microdro-
plets en route to the detector. In this manner, the TMAHþ
ions already present in the injected solutions or those
produced in situ on the surfaces of microjets in contact
with TMA(g) are detected and quantified by online ESI-MS
within 1 ms.
Positive ion electrospray ionization mass spectra of micro-
jets produced by spraying water (previously adjusted to
various pHBLK values using HCl or NaOH) display TMAH
þ
(m/z=60) and (TMAH)2Cl
þ (m/z=155, 157) signals (Figure
S3, SI) after being briefly exposed to TMA(3.0 ppmv)/N2(1
atm) mixtures (see below for effective exposure times). At
constant [TMA(g)], TMAHþ signal intensities vary with pHBLK,
as shown inFigure 1 (bluedownward triangles). A fit of eq 3 to
experimental datayields pKA(1)=3.8(0.2. InFigure S4 (SI),
it is possible to discern that TMAHþ signals actually drop∼100
times frompHBLK≈1 to pHBLK≈5, recover 10-fold at pHBLK≈
9.5, and fall off again above pHBLK ≈ 10. TMAHþ signals (as
well asm/z=61HCO3
- signals from possible contamination
by ambient CO2) remain below the detection limit in experi-
ments on deionized water. Previous reports for the uptake of
NH3(g) on aqueous train droplets reveal similar behavior
about pKA(NH4
þ) = 9.25.21,22
In striking contrast, TMAHþ signals from TMAHþCl- solu-
tions sprayed in pure N2(g) vary with pHBLK along a titration
curve (red circles in Figure 1) whose equivalence point, pKA-
(2) =9.96( 0.02, overlaps the reported pKA(TMAHþ) =9.8
( 0.2 value in bulk solution.12,13 The data of Figure 1 repre-
sent direct evidence that protons are as available to TMA(g) at
the surface of water at pHBLK≈ 3.8 as they are to TMA(aq) in
bulk solution at pHBLK≈ 9.8. Thus, (1) TMA ismore basic than
water in the gas and bulk liquid phases but not at the interface
and (2) the proton activity sensed by TMA(g) at the air/water
interface is indirectly related to pHBLK.
Figure 1. ESI-MS TMAHþ signal intensities versus pHBLK on water
microjets exposed to 1.0-3.0 (blue downward triangles) and 0.03
ppmv TMA(g) (green upward triangles) and on aqueous TMAHþ-
Cl- microjets in pure N2(g) (red circles). Blue and red signal
intensity data are normalized to TMAHþ = 1 at pHBLK = 1. Green
data are relative to the blue data. All experiments are at 1 atm and
293 K.
Figure 2. (A) ESI-MS TMAHþ (m/z=60, blue downward triangles)
and TMALiþ (m/z = 66, red upward triangles) signal intensities
from aqueous LiCl microjets as functions of [LiCl] at pHBLK 6.5. (B)
TMAHþ (m/z = 60, blue downward triangles) signal intensities
from aqueous NaCl microjets at pHBLK 7.8 as functions of [NaCl].
All experiments are under 1 ppmv TMA(g).
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We found that the negligible uptake of TMA(g) on near-
neutral aqueous microjets is dramatically enhanced by sub-
millimolar inert electrolytes such as LiCl and NaCl. (Figure 2).
The promoting effects of LiCl and NaCl peak at ∼1 mM and
weakly decline at larger concentrations. Inmore acidic (pHBLK
< 5) water and at larger concentrations, Liþ competitively
binds TMA(g) as TMALiþ (m/z= 66) instead (Figures S5 and
S6, SI). The dissimilar dependences of TMAHþ and TMALiþ
signal intensities on TMA(g) concentration in acidic water
(Figure 3), together with the titration curves obtained under
0.03 and 1.0-3.0 ppmv TMA(g) of Figure 1, imply that
TMA(g) is exclusively protonated by H3O
þ rather than by
H2O in the outermost interfacial layers of the aqueous micro-
jets. Since the limiting TMAHþ signal intensities reached
under 0.03 ppmv TMA(g) are only 43% of those obtained at
∼100 times larger TMA(g) number densities (at pHBLK < 3;
Figure 1), uptake is limited by TMA(g) in the former case and
by interfacial protons above 1.0 ppmv TMA(g). This finding is
corroborated by the observation that TMAHþ signals plateau
above∼0.3 ppmv TMA(g) at pHBLK 2.0, while TMALiþ signals
keep increasing at larger TMA(g) concentrations (Figure 3C).
Since the partial depletion of TMAnear the air/water interface
should have affected both TMAHþ and TMALiþ signals, the
observed behaviors exclude significant resistance from gas-
phase diffusion to TMA(g) uptake under present conditions. A
limited role for gas-phase diffusion cannot be technically
excluded, however, because all experiments were performed
on aqueous microjets of similar dimensions under 1 atm of
total pressure.
Perhaps not coincidentally, LiCl and NaCl enhance TMA
protonation (Figure 2) in the same concentration range in
which the surface tension of aqueous electrolytes dips to a
minimum (the Jones-Ray effect).8,23,24 Since the Debye
screening length is >3 nm at the onset of electrolyte effects
at 0.1 mM (Figure 2),25 both phenomena seem to manifest
short-range forces associated with the local structure of inter-
facial water.26-29 It could tentatively be argued that Liþ and
Naþ replace protons as counterions in the diffuse electric
double layer,25 thereby releasing them to the surface.30 Alter-
native explanations are being explored experimentally in our
laboratory.
Our results constrain the duration of molecular TMA(g)/
water encounters, the time microjet surfaces are effectively
exposed to TMA(g), and the thickness of the interfacial layers
probed in these experiments. By assuming that (1) the proton
concentration reaches its bulk value at an interfacial depth of
δ≈1.0 nmbelow theGibbs dividing surface (GDS) and (2) the
pseudo-first-order diffusionally controlled rate constant, IkP,
for the protonation of neutral TMA lying outside of the GDS is
given by the Debye-Smoluchowski's equation, IkP= 4π(DHþ
þDTMA)RTMAþHþ [Hþ]31 (whereDHþ=510-4 cm2 s-1 is the
proton diffusion coefficient at the interface,32 DTMA ≈ 1.5 
10-5 cm2 s-1 is the TMAdiffusion coefficient, andRTMAþHþ=
510-8 cm is the distance of closest approach), we estimate
IkP=2107 s-1 at pHBLK 4.0.Minimal protonation of TMA(g)
at pHBLK 4.0 (see Figure 1) therefore implies that the first-
order rate constant for TMA desorption, IkD, must be ∼10
times larger than IkP. The derived duration of TMA(g)/water
contacts, τD = 1/
IkD < 1/(10
IkP) ≈ 5 ns, is consistent with
estimates based on transition state theory and the free energy
of TMA adsorption on water33 and with some MD simula-
tions.34 The effective time, τE, that the probed microjet
surfaces are exposed to TMA(g) can be estimated from the
surface density, SHþ, of the protons titrated by 0.3 ppmv
TMA(g) at pHBLK 2.0 during τE (Figure 3C) and the TMA(g)/
water surface collision rate, f, τE = SHþ/f. We assume that SHþ
is given by SHþ= [H
þ]BLK δ=61018 protons cm-31
10-7 cm=61011 protons cm-2, and f is givenby f= (1/4)γ
 c n=6.81016molecules cm-2 s-1 [where γ<1 is the
TMA(g) uptake coefficient, c=3.7 104 cm s-1 is the mean
molecular speed of TMA(g) at 300 K, and n = 7.3  1012
TMA(g) molecules cm-3].35 Hence, τE < 6  1011 protons
cm-2/6.81016molecules cm-2 s-1=9μs. Note that proton
replenishment of the δ≈ 1.0 nm interfacial layer by diffusion
from the bulk during τE will be opposed by the electrostatic
field created by the buildup of TMAHþ positive charge at the
interface. More precise kinetic estimates are beyond present
instrumental design and procedures.
Figure 4 shows the results of experiments inwhich the ratio
of TMAHþ/TMADþ signal intensities was determined (1) by
Figure 3. ESI-MS TMAHþ (m/z = 60, blue downward triangles)
and TMALiþ (m/z=66, red upward triangles) signal intensities on
100 mM aqueous LiCl microjets at (A) pHBLK 3.5 and (B and C)
pHBLK 2.0, as functions of [TMA(g)].
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exposing H2O/D2O (50:50) (vol:vol) microjets to TMA(g) or
(2) by spraying 0.8 mM TMAHþCl- solutions in H2O/D2O
(50:50) in pure N2(g) as a function of pHBLK. Significant direct
kinetic hydrogen isotope effects were only observed in the
first set of experiments at pHBLKe4.5 andalso at pHBLK≈7 in
the presence of Liþ or Naþ (TMAHþ/TMADþ = 1.0 on H2O/
D2O (50:50) at pHBLK = 6.7; TMAH
þ/TMADþ = 3.2 upon
addition of 100 mM LiCl or NaCl at pHBLK = 6.5).
We infer that (1) H/D are fully scrambled prior to analyzing
TMAHþCl- solutions in H2O/D2O and (2) the enhanced TMA-
(g) protonation onwater surfaces at pHBLK<4 and on Li
þ/Naþ
solutions at pHBLK > 5 is due to the faster protonation of
adsorbed TMAmolecules. Additional evidence that our experi-
ments actually monitor interfacial chemical events follows
from the TMAHþ/TMADþ ≈ 1/4 ratio measured on neat D2O
microjets at pHBLK 3, exposed to 1 ppmv TMA(g) humidified
with ∼250 ppmv H2O(g). A much smaller TMAHþ/TMADþ <
1/40value should havebeenmeasured if incomingH2O(g) had
undergone full H-isotope scrambling with microjet bulk D2O.
Thewidely separated titration curves of Figure 1 reveal that
the conjugated species TMA(g) and TMAHþ experiencemark-
edly different molecular environments on the opposite
sides of the air/water interface. The energy for binding a
water molecule to a Y(H2O)n
( ion cluster converges, in gene-
ral, to the enthalpy of vaporization of bulk water (ΔHv =
10.5 kcal mol-1),10,11,36,37 while the hydration enthalpies of
the Y(H2O)n
( clusters reach ∼(-70 ( 3) kcal mol-1 above
n>4.11 Neutral TMAweakly (4.5 kcal mol-1) binds only one
water molecule.38 Thus, the cumulative binding energies
of the TMAH(H2O)3
þ (37.8 kcal mol-1)36 and OH(H2O)5
-
(84.3 kcal mol-1)10,39,40 clusters is still ∼42 kcal mol-1 short
of the stabilization required to overcome the endothermi-
city of reaction 2. Since product ions may not be stabilized
further at the reduced interfacial water densities, TMA may
not be protonated on water surfaces from which H3O
þ were
initially absent. Note that water autoionization is a slow,
activated process (ΔGd = 21.4 kcal mol
-1, ΔG‡ = 23.8 kcal
mol-1) driven by infrequent (∼10-4 s-1) solvation energy
fluctuations41 that will not resupply protons during short TMA
residence times (τD < 10 ns, see above).
The results of Figure 1 suggest an isoelectric point pKISO =
pKA(1) = 3.8 ( 0.2 for the water surface, in good agreement
with the value derived from electrophoretic experiments
on bubbles and droplets in water.27,42,43 The preferential
segregation of hydroxide at the water surface may be another
example of anion enrichment at water/hydrophobic media
interfaces.18,26,44,45 The most recent phase-sensitive sum fre-
quency vibrational spectroscopic (PS-SFVS) studies4 also sup-
port the notion that OH- adsorbs more strongly than H3O
þ to
water/hydrophobic media interfaces. The pHBLK dependence
of the imaginary component Im χS
(2) of the complex nonlinear
susceptibility χS
(2) associated to the “ice-like” ∼3200 cm-1
O-H band on the water/octadecyltrichlorosilane (OTS) inter-
face leads to pKISO ≈ 3.0-3.2 (water/vapor surfaces might
behave similarly, but it remains to be confirmed).46,47 This
conclusion is reached by assuming that the sign of Im χS
(2)
reflects the direction of the molecular dipole moment.48
Positive Im χS
(2) values indicate outwardly pointing O-H
groups on water surfaces negatively charged by preferential
OH- adsorption.4 A more detailed analysis, however, shows
that positive Im χS
(2) values result from collective orientational
correlations rather than from the properties of discrete molec-
ular moieties on the water surface.48 The advent of phase-
sensitive measurements implies that previous descriptions
of the structure of the water surface drawn from SHG or
SFVS|χS
(2)|2 data await critical reexamination.28,49-52 The jury
is still out on how spectroscopic signals relate to interfacial
proton activity/reactivity on water surfaces.26
Multistate empirical valencebondcalculations reveal that a
single excess proton (plus a chloride counterion) in a slab of
500 water molecules (i.e., in pHBLK ≈ 1 water) has statistical
preference for the interface.53,54 First-principles molecular
dynamics calculations for a hydroxide anion in 215 water
molecules (pHBLK ≈ 13) suggest marginal stabilization at the
air/water interface (by∼0.6 versus<3kcalmol-1 for the still-
favored excess protons) relative to the bulk.55 Some MD
calculations based on polarizable force fields predict that
OH- is repelled from the water surface,56,57 whereas others
reach the opposite conclusion.58 Since both H3O
þ and OH-
are amphiphilic,59 forthcoming model calculations should
rationalize the larger affinity of OH- for the water surface in
the critical 4 < pHBLK < 7 range at issue.
Summing up, experiments show that trimethylamine mo-
lecules collidingwith water surfaces are protonated only if the
bulk liquid had been acidified to pHBLK < 4. Protons are as
available to TMA(g) at the surface of water at pHBLK ≈ 3.8 as
they are to TMA(aq) in bulk solution at pHBLK ≈ 9.8.
SUPPORTING INFORMATION AVAILABLE Additional data
and experimental details. This material is available free of charge
via the Internet at http://pubs.acs.org.
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